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We describe a postdetection turbulence compensation
technique for obtaining high resolution imagery through
the atmosphere. We present preliminary results from field
experiments.

It is well known that atmospheric turbulence typically
limits the angular resolution of ground-based astronomical
images to ~1 sec of arc.! Compensated imaging systems are
one solution to the problem of obtaining higher resolution
images through the atmosphere.? Alternatively, a technique
known as speckle interferometry was developed by Labeyrie3
who discovered that high resolution autocorrelations of an
object could be produced from many short exposure image
frames obtained with a narrow bandwidth filter. Modifica-
tions of the speckle interferometry technique were subse-
quently developed that allowed real images to be recon-
structed from these short exposure frames.’ One
modification, referred to as speckle holography, uses an un-
resolved star near the object of interest as a reference source
in much the same way a reference beam is used in conven-
tional holography recordings.6-8

In this Communication, we describe our implementation
of another method: a postdetection turbulence compensa-
tion technique for obtaining high resolution imagery through
the atmosphere. We then present preliminary results from
experiments performed in Feb. 1990 at the University of New
Mexico’s Capilla Peak Observatory.

For this technique, the turbulence degraded image is re-
corded at the same time as an estimate of the atmospheric
transfer function. A compensated image is then produced
through a digital deconvolution. We refer to the technique
as self-referenced speckle holography (SRSH) since the ob-
ject under observation acts as the reference source for a
turbulence estimate, eliminating the need for an unresolved
star. We use a Shack-Hartmann wavefront sensor placed at
a point conjugate to the entrance pupil of a telescope to
construct a reference image for an estimate of the atmo-
spheric turbulence.

The construction of a reference image using a Shack-
Hartmann wavefront sensor has been described extensively
in the literature.®1? Briefly, atmospheric distortions can be
modeled as a single layer of phase distortion provided scintil-
lation is not too great.l! These phase distortions act as
localized tilts, and the wavefront at the entrance pupil of a
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telescope is sampled by an array of small lenses (lenslets).
The displacement of the spot focused by each lenslet can be
used to determine the local tilt of the wavefront. This
information can then be used to estimate the optical transfer
function of the atmosphere and telescope. Due to the small
diameter of the lenslets, even objects of large angular extent
appear unresolved. Thus, even an extended object can act
as a point reference, eliminating the need for a reference
source external to the object. The technique is similar to
compensated imaging systems which use a Shack-Hartmann
sensor to drive a deformable mirror; however, in our case the
compensation is done via postdetection computer process-
ing.

SRSH is not a new imaging method, although it has never
been applied to astronomical objects until now. McGlamery
measured point spread functions in the laboratory and used
them to correct laboratory images in 1967.12 In 1974, he
simulated deconvolution imaging on a computer for both
predetection and postdetection compensation cases.!3
Fried described a practical SRSH system in 1987,1° and there
have beenrecent laboratory demonstrations in which a wave-
front sensor has been used to obtain the turbulence esti-
mate.!

The theory of SRSH is simple. The intensity distribution
I(x,y) of a short exposure image frame can be described as

I(x,y) = O(x,y) ® H(x.y), 6]

where O(x,y) is the object’s incoherent brightness distribu-
tion, the @ denotes a convolution, and H(x,y) is the com-
bined system and atmospheric point spread function (psf).
The Fourier transform of I(x,y) is, therefore,

Iw,w) = O(u,v)H(u,v), )

where the symbol indicates a Fourier transform, and u and v
are spatial frequency variables. If the function ¢(u,v) de-
scribes the phase disturbance at the pupil of the imaging
system and P(u,v) is the pupil intensity function, then

H(u,v) = P(u,v) exp(27j$) ® P(u,v) exp(2mjp), &)

where ® denotes an autocorrelation. Thus, if ¢(u,v) can be
measured and P(u,v) is known, the object can be estimated
using an inverse filter of the form

T(u,v)H*(u,v)

Oup) = —————""—, 4)
H(u,v)H*(u,v) + ¢

where ¢? is a parametric constant that prevents singularities
in the recovered object by insuring that the denominator of
Eq. (4) is never zero. The form of Eq. (4) is analogous to the
classical constrained least-squares solution for deconvolu-
tion assuming additive noise. Equation (4) also has a Wei-
ner filter analog, if the power spectum of the object is known.

Equation (4) is used when a reconstruction is made from
only one focal plane/psf image pair. Multiple image pairs
can be used to obtain a better reconstruction. In this case
the estimation algorithm is!4

(I(w,v)H*(u,v)) 5)
(Ao)A*wp) + &’

O(u,v) =
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Fig.1. Layout of self-referenced speckle holography instrument.

where the brackets denote an ensemble average.

A schematic diagram of the SRSH instrument is shown in
Fig. 1. The lens L, recollimates the light exiting the tele-
scope. A beam splitter reflects a narrow spectral portion of
the incoming light to lens Ly, where it is focused onto the
detector array of the focal plane camera. The rest of the
light passes through the beam splitter to the Shack-Hart-
mann array. As a result, the focal plane images are speckle
interferograms. The wavefront sensor is placed at a point
conjugate to the telescope entrance pupil, and the output
from this array is reimaged onto the detector array of the
wavefront camera with lenses Ly and Ls. An estimate of the
psf of the telescope and atmosphere is constructed from this
digital image.

A brass board version of the system diagrammed in Fig. 1
was designed and assembled at the Weapons Laboratory.
This instrument was then mounted on the University of New
Mexico’s astronomical telescope at the Capilla Peak Obser-
vatory. The telescope is a 24-in. f/15.2 Cassegrain. The
beam splitter used in our setup reflects a 20-um FWHM
band of light centered at 0.63 um to the focal plane. The
combination of lenses L; and L4 (Fig. 1) in our system results
in an effective f/No. of f/60 for the focal plane leg. A low
noise CCD camera with 512 X 512 pixels and a pixel size of 19
X 19 pm was used to record the focal plane images. The
effective resolution of the focal plane system was, therefore,
0.109 sec of arc/pixel, and the field of view was 55 sec of arc.
The diffraction-limited angular resolution of the 24-in. tele-
scope at a wavelength of 0.63 um was ~0.26 secof arc. Thusa
diffraction-limited spot extends across ~2 pixels on the focal
plane camera.

Our wavefront sensor consists of a square array of micro-
scopic spherical lenslets. Each lenslet is 100 pm in diameter
with a 135-um center-to-center separation. The telescope
exit pupil is reimaged to span a 64 X 64 array of these lenslets.
A low noise CCD camera (512 X 512 pixels) is used to record
the focal spots produced by the lenslet array.

We now present what to our knowledge are the first suc-
cessful images of astronomical objects using post detection
deconvolution. We observed several stars, collecting almost
1000 short exposure image—atmosphere pairs.

Figure 2 shows the results of SRSH observations conduct-
ed 9 Feb. 1990 of « Aurigae (Capella), a bright star of visual
magnitude of 0.08.1% The image (A) is the focal plane image
with no correction. (B) shows the estimated psf obtained
from the wavefront sensor. For a point source such as a star,

4528 APPLIED OPTICS / Vol. 29, No. 31 / 1 November 1990

Fig. 2.

Fig. 4.

Fig. 3.

o Aurigae image: (A) focal plane image; (B) atmospheric
psf estimate; (C) compensated image.

v Ursae Majoris image: (A) focal plane image; (B) atmo-
spheric psf estimate; (C) compensated image.

a Geminorum image: (A) focal plane image; (B) atmo-
spheric psf estimate; (C) compensated image.



the degraded image and psf should be identical. (C) then
shows the image resulting from deconvolving the psf from
the focal plane image. The exposure time was 10 ms, and we
estimated Fried’s ro parameter to be 7 cm. The restored
image has virtually diffraction-limited resolution. Using
the Strehl ratio as an image quality metric, we calculated the
Strehl ratios of the uncorrected as 0.4 and that of the correct-
ed image as 0.75. Note the lack of an Airy pattern in the
reconstructed images because the deconvolution process re-
moves the combined atmosphere and telescope transfer
function.

The results of SRSH measurements collected 12 Feb. 1990
of the dimmer star v Ursae Majoris (Alula Borealis) are
presented in Fig. 3. This star has a visual magnitude of 3.5.1
We estimate the ry parameter for these measurements at 5
cm. The exposure time was 60 ms, which was longer than the
correlation time of the atmosphere. Some blurring of the
speckles in the focal plane can be noted. The resulting
restored image is slightly less than diffraction-limited. The
calculated Strehl ratios for unrestored and restored images
are 0.09 and 0.6, respectively.

Finally, the results from observations also on 12 Feb. 1990
of the binary star system o Geminorum (Castor) are shown in
Fig. 4. The system is composed of a 2.0 and 2.9 magnitude
pair with a combined visual magnitude of 1.6.1°> We estimat-
ed the atmospheric seeing at ~4 cm and used a long exposure
time of 30 ms. This is longer than the correlation time of the
atmosphere, and the speckles in the focal plane are quite
blurred. The restored image shows considerable noise. The
reconstructed image has a resolution less than the diffraction
limit. However, it shows improvement over the uncorrected
focal plane image. The angular separation of the two star
systems measured from the reconstructed image is ~3.0 sec
of arc, which closely agrees with the tabulated values.!6

It is emphasized that the reconstructions shown in this
Communication were obtained from single focal plane/psf
pair measurements. The results illustrate the fact that this
technique does not require the large number of exposures
typical of white light speckle imaging techniques such as
Knox-Thompson. Averaging snapshot spectra will, howev-
er, improve performance, especially for dimmer objects.

The authors wish to thank the University of New Mexico’s
Physics and Astronomy Department and in particular Dr.
Neb Durik and Mr. John Dolby for their special support of
the experiment at Capilla Peak. We also wish to thank Ms.

Kathy Schulze of Applied Technology Associates for her
work in successfully fielding the experiment.
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Performance of multilayer coated diffraction gratings
has been evaluated in the extreme UV. The application of
multilayer coatings to two blazed gratings has produced a
significant enhancement in grating efficiency in the 300-A
spectral region in first order.

In the extreme ultraviolet (EUV) spectral region the low
normal incidence reflectance of all conventional coatings

limits the throughput of EUV space astronomy instrumenta-
tion that use normal incidence components. However, the
development of multilayer coatings with enhanced normal
incidence reflectance allows us to take advantage of the
conventional normal incidence mirror technology in the
EUV. An extensive amount of work has already been done
on applying multilayer coatings to mirrors for both laborato-
ry and astronomical applications in sounding rocket experi-
ments.I-10 It is also desirable to apply this technology to
diffraction gratings to provide gratings with enhanced effi-
ciency at normal incidence in wavelength regions where only
glancing incidence designs have provided acceptable
throughput.

Application of multilayer coatings to diffraction gratings
for use in the spectral region below 200 A has been studied by
several investigators.!1-15> They have demonstrated that
multilayer coatings can provide gratings with enhanced effi-
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Fig.1. Enbancement in first-order efficiency for the SERTS grating.

ciency over a narrow bandpass. Enhancement has also been
demonstrated in the 300-A spectral region for a sinusoidal
grating.3 This paper discusses application of a multilayer
coating to two diffraction gratings, 3600- and 1200-line/mm
blazed replica gratings, designed for operation in the 300-A
spectral region in first order.

The 3600-line/mm 1.2-m toroidal tripartite grating with a
blaze angle of 2.8° was developed for the solar extreme ultra-
violet rocket telescope and spectrograph (SERTS) instru-
ment.16 The optical system of this instrument consists of a
Wolter type II glancing incidence telescope and a toroidal
grating spectrograph operating at normal incidence. The
grating selected was a flight spare replica with no special
processing for a multilayer coating. This large format, a 9.5-
X 8.5-cm gold coated grating, was fabricated by Hyperfine,
Inc., with the ruled area 8.0 X 6.5 cm.

The ten-layer IrSi multilayer optimized for 304 A was
deposited using e-beam evaporation in a 2-m diam evapora-
tor!7 at GSFC. The multilayer coating, starting with silicon,
was deposited directly on the gold coating. Four 5- X 5-cm
microscope slides were mounted next to the grating. The
grating and microscope slides were located 83 cm above the
source, and the center of the grating was offset 9 cm from the
center of the source. Based on distribution studies, the layer
thickness uniformity across the grating was ~2%. The re-
flectance of the coating was measured on the microscope
slides using a reflectometer-monochromator system de-
seribed elsewhere.!8 At a 15° angle of incidence the reflec-
tance varied from 15.0 to 15.3% on the four microscope slides
with the slide located farthest from the source having the
highest reflectance of 16.1% at 12° angle of incidence. This
is the smallest angle that can be measured due to instrument
limitations.

The grating efficiency was measured on the SURF II cali-
bration beamline at the National Institute of Standards and
Technology (NIST) in a chamber that was designed for
calibrating the SERTS gratings. The undispersed beam
from the synchrotron beamline is incident on the grating at
7° angle of incidence. A calibrated photodiode detector is
scanned through the wavelengths of interest in the dispersed
beam. The incident flux at each wavelength is determined
by the beam current and voltage in the storagering. Figurel
shows the measured efficiency ratio of the grating before and
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after the multilayer coating in first order at nine different
locations across the grating. The solid line represents an
approximate average to the efficiency ratio data. The effi-
ciency is enhanced by a factor of 7 in the 300-A region. A
factor of 4 or higher enhancement was achieved over a 50-

bandpass. The ratio is quite uniform over the nine different
locations across the grating. The result has important im-
plications for future instrument applications, such as the
Coronal Diagnostics Spectrometer!? on the SOHO mission.

A second grating coated with the SERTS grating was a
replica 1200-line/mm concave grating with a radius of curva-
ture of 1 m and blazed at 304 A. This grating was fabricated
by Hyperfine and had an aluminum/SiO;, coating. The pur-
pose of the aluminum coating was to reject heat during the
multilayer coating process, thereby preventing damage to
the groove structure of the grating. The aluminum was
overcoated with SiO, to prevent a potential interdiffusion
between aluminum and iridium. The ten-layer IrSi multi-
layer coating was deposited on a five-layer IrSi multilayer
that had been deposited on the aluminum/SiO, base coating
earlier. The efficiency was measured at 304 A at GSFC using
the reflectometer-monochromator system mentioned earli-
er. An absolute efficiency of 4.8% in first order was achieved
for this grating at 304 A. This is a factor of 4 enhancement
over the efficiency measured with an Ir coating.

In summary, the use of multialyer coatings on diffraction
gratings has produced a significant enhancement in grating
efficiency in the 300-A spectral region. This implies that a
significant improvement in throughput can be achieved in
EUV instruments like SERTS that use gratings at normal
incidence. Additional studies are in progress to compare the
spectral resolution and absolute efficiency for the SERTS
flight-spare grating with values established prior to deposit-
ing the multilayer coating. Preliminary data indicate that
the grating suffered no loss in its excellent spectral resolu-
tion.
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Avaried-space grating mounted to both rotate and trans-
late constitutes a practical single element fixed slit mono-
chromator which is in focus at all wavelengths. Keywords:
Monochromators, diffraction gratings, grazing incidence, x-
ray optics.

No self-focusing reflection grating has hitherto delivered
spectral images which remain in focus to first power in the
aperture over a continuum of wavelengths diffracted be-
tween fixed entrance and exit slits. Rowland circle de-
signs!? require movable slits, whereas plane grating mono-
chromators employ auxiliary mirrors3-? which lower the
throughput and introduce figuring and alignment errors.
Fixed slit designs where a concave grating simply rotates to
select the wavelength are practically in focus at near normal
incidence® but suffer from severe defocusing at grazing inci-
dence.34

These limitations are overcome with a new optical design,
whose essential features are shown in Fig. 1. A reflection
grating consists of grooves whose spacings vary continuously
across its ruled width. To select the desired transmitted
wavelength, the grating is rotated about an axis fixed in
space, while simultaneously being translated along its sur-
face in the direction of its ruled width. Due to the varied
spacing, the translation provides a new set of effective grat-
ing parameters where the principal ray strikes the grating
surface. The freedom to choose the amount of translation
permits each wavelength to be brought into an exact focus (to
first power) at the fixed exit slit. The novelty of this scheme
may be appreciated from the fact that such a translation
would have no effect on the properties of a conventional
(equally spaced) grating.

This degree of freedom inherent in varied-space gratings
has previously been left unexploited, except for theoretical

designs requiring a prohibitively large exponential variation
in spacing.!® The combined rotation and translation of a
(varied-space) grating is a new mounting; hence the grating
itself must be derived from a new focusing condition rather
than as an improvement in any classical grating.

The extent to which the optical aberrations are controlled
is best analyzed if the local groove density of the grating is
expanded as a power series in the grating aperture:

1/¢ = 1/og+ Now + Nyw? + Nuw? + .. ., (1)

where o is the nominal groove spacing at the grating center
(w = 0); N3, N3, Ny, etc. are varied-space constants; and w is
the ruled width coordinate as projected on the plane tangent
to the grating at its center.

The wavelength diffracted through an infinitesimally nar-
row exit slit by the grooves in the vicinity of coordinate w will
differ from that diffracted by the grating center by an
amount

AN = (ao/m)(Fofw + %Fqw? + 2Fu’ + .. ), 2)

where m is the spectral order, and F,, F3, Fy, etc. are the
Fermat aberration coefficients. "The image is considered to
be in-focus at the exit slit if the first power aberration F = 0.
Finite F3 values result in a comatic image whose profile is
asymmetrical, while the third power F; term is spherical
aberration, present even along the classical Rowland circle.
To minimize the total amount of translation required over a
finite spectral region, we first consider rotation only of the
grating to select two wavelengths, A; and \;, and adjust the
design parameters to minimize the aberrations there. Even
with the constraint of fixed slits, F; and F; may be made to
vanish at both wavelengths if the grating is concave (0 <R <
=), resulting in the following focusing condition:

1/r = (yb* - 4ac — b)/(2aR), 3)

1/r = 6/r — ¢/R, 4)
Nz = (T1 + T”])/(mxl), (5)
N;= 3/2[T1(sina1)/r - Tl(sinﬂl)/r']/(m)\l), ' (6)

where T' = (cos?a)/r — (cosa)/R, T" = (cos?8)/r’ — (cosB)/R,

a = v sina; cos’a; — sina, cos?e, — v52 sing; cos?8,

+ 6% sing; cos?8,, (1)

1 November 1990 / Vol. 29, No. 31 / APPLIED OPTICS 4531



\
* \ DETECTOR

‘..._— OBJECT DISTANCE r

APERTURE STOP

SO
ENTRANCE SLIT

RADIUS R

GRATING

EXIT SLIT

o*
Go /AY\/,/\{{

Fig. 1. Basic optical configuration of the monochromator. The upper portion shows a section taken across the meridional plane of the

grating. A reflection grating rotates about a fixed axis (open circle) while translating along its surface in the direction of its varied groove spac-

ing. The fixed principal ray is indicated by dark lines. The grating position is drawn solid for a typical wavelength and dashed for two

extreme wavelengths at opposite ends of the spectral range of a concave grating embodiment. The bottom portion is a top view of the grating
surface, schematically showing the varied spacing.

b = —y sina, cosa; + sina, cosa, + 2yde sinB, cos?A,
—2b¢ sinfy 005262 + v0 sinB; cosB; — 4 sinB, cosB,, (8)
¢ = —ye? sing, cos?B; + € sinf, cos?B,
—e 8inB; cosB, + € sinf, cosPy, (9)
8 = (v cos?e; — cos?ay)/(cos?B, — v cos?By), (10)

¢ = [y(cosa, + cosB;) — (cogag + cosf,)]/(cos?By — v cos?By),
(11)

v = AofAp, : (12)

where R is the grating radius of curvature, r is the object
distance, r’ is the image distance, and « and B are the angles
of incidence and diffraction, respectively, relative to the
grating surface normal. All values are measured from the
fixed axis of rotation, which for simplicity is assumed to
intersect the grating at its center.

For example, a design tailored to extreme UV wavelengths
may have as input parameters ¢ = 1/1500 mm, R = 10 m,
constant deviation o + 8 = 164°,m = +1,\; = 100 A,and Ay =
200 A. Equations (3)—(12) then provide the design parame-
tersr = 1011.488 mm, r’ = 964.542 mm, N, = —1.63766 mm™2,
and N3 = +0.00267255 mm~3. These differ substantially
from those of a conventional concave grating monochroma-
tor.

Using the above parameters and a 50-mm illuminated
aperture, curves 200, 202, and 204 of Fig. 2 are the individual
optical aberrations of Eq. (2) with only grating rotation to
select the wavelength. As constrained above, the resolution
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is extremely high in the immediate vicinity of the two wave-
lengths, \; and \,. However, it degrades rapidly elsewhere,
dominated by a large amount of defocusing (curve 200). The
maximum defocus of 0.5 A is nearly as poor as the 0.7 A
resulting from an equally spaced grating design® of the same
aperture, system length, angular deviation, and groove den-
sity (curves 100, 102, and 104). _
The key to removal of defocusing aberrations, and hence
the usefulness of the present grating design, is a translation
of the grating at all wavelengths other than A; and A3. Con-
sidering simple linear translation in the direction of the
tangent plane at the grating center results in the following
substitutions:

w—w*=w— Aw, (13)
oy — /oy = 1/ao(1 = Ypp?)
+ NoAw(l = %6 + NyAw? + NAw®,  (14)
N, — N = =¢/(Rog) + No(1 — 2¢%) + 2NAw + 3N,Aw®,  (15)
Ny — N; = —¢*/(4R%s0) — %Ny(1 + %0))¢/R
+ Ny(1 + Y%o?) + 8N, (1 + Ye¢?)Aw, (16)
N, — Ny = =%/R%) — %Ny(¢/R)?
+Y%Nao/R + Ny(1+ 269, (17
where
¢ = arcsin(Aw/R), (18)

Aw being the amount of translation in the direction of the
decreasing ruled width. The fixed principal ray now strikes
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Fig.2. Results of Fermat calculations using parameters for a graz-
ing incidence monochromator: (a) first-order aberration of defo-
cusing; (b) second-order aberration of coma; (c) third-order spheri-
cal aberration; and (d) grating surface translation. Curves 100-106
are for a classicial equally spaced spherical grating, which simply
rotates about its pole to select the wavelength. Curves 400-406 are
optimized for the new focusing condition, where a varied-space
concave grating rotates about a fixed pole and translates along its
ruled width. Given the same grating width, the new device exhibits
a factor of 200 higher spectral resolution, limited only by spherical
aberration. All aberrations are extrema (calculated from the edge of
the grating aperture).

weel

.52
6328 R
65

6328 R

Fig.3. Measured line profiles of a prototype in-focus monochroma-

tor, employing a single spherical grating reflection. Typical slit

widths were 5-10 um. These traces are not plotted on the same

scale; however, the measured FWHM is indicated for each profile.

The full grating aperture of 45 mm was used for all traces, except for

the top and bottom traces where the aperture was stopped to ~36
mm to provide a centered illumination.
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the ruled width coordinate w = Aw, and w* is measured
relative to this new pole.

Using the same numerical parameters previously given
and choosing N4 = 0, curves 300, 302, and 304 of Fig. 2 result
from numerically iterating Eqs. (14), (15), and (18) to elimi-
nate defocusing at all wavelengths. All wavelengths are now
sharply in focus, the new limit to the optical resolution being
spherical aberration. As this term is proportional to the
third power of the grating aperture, ~63% of the total dif-
fracted energy is enclosed within an image width which is
only one-fourth of the extreme aberration plotted in Fig.
2(c). The resulting spectral resolution is thus ~0.003 A

A further correction is available by use of nonzero values
for Ny. From Eq. (16) it is clear that this term will signifi-
cantly change the substituted value of Nj as the grating is
translated (Aw > 0). Curve 402 reveals the elimination of
the coma at a third wavelength near the spectrum center by
the choice of Ny = —6.99 X 10~"mm~4. In practice the coma
becomes negligible at all wavelengths, resulting in a highly
symmetrical image whose remaining spherical aberration
(curve 404) may be deconvolved from a spectrum by the use
of accurate modeling techniques.

Because the grating radius and rotation provide for the
broad selection of wavelength, the amount of space variation
required is small and easily accomplished with present tech-
nology. As plotted in Fig. 2(d), the maximum amount of
translation is only 25 mm. A 75-mm ruled grating width,
with an aperture stop (Fig. 1) to constrain an exactly fixed
beam direction, will provide the assumed 50-mm illuminated
aperture. Alternatively, the full 75 mm may be utilized at all
wavelengths if the incident beam overilluminates the grating
and a £15% deviation is allowed in the direction of the ray
diffracted from the center of the aperture.

The small amount of translation also enables the use of a
simple linear translation stage, the resulting vertical move-
ment of the intersection point of the concave grating surface
with the principal ray being unimportant. This maintains
fixed directions for the incident and diffracted rays. Fur-
thermore, because the grating translation functions only to

remove a residual amount of defocusing, the required accura-
cy of translation is modest.

Experimental verification of the above new theory has
been accomplished by construction of a breadboard develop-
mental version of this monochromator. To demonstrate the
grazing incidence performance and hence the applicability of
this design to short wavelengths, the included angle (« + 8) of
the principal ray was chosen to be 140° (20° graze at zero
order). The numerical parameters were chosen to enable
operation in the ultraviolet and visible regions of the spec-
trum so as to allow alignment and testing in atmosphere.
The resulting groove density was 200 g/mm at the grating
center, the radius of curvature of the spherical grating was
1001 mm, the object distance was 301.5 mm, image distance
was 316.6 mm, and the full grating aperture was 45 mm. For
this demonstration, the grating translation was provided by
a manual micrometer and ball slide, and the rotation driven
by a precision lead screw and wavelength bar. At each
wavelength tested, the translation was experimentally ad-
justed to maximize the detected power. Then a high resolu-
tion scan across the spectral line was traced on a chart
recorder. Two light sources were used: alow pressure mer-
cury lamp and a He—Ne laser. The mercury discharge was
~5 mm in diameter and placed behind the entrance slit,
whereas the collimated laser pencil beam ~0.6 mm in diame-
ter was simply diffracted by the entrance slit to illuminate
the full grating aperture.

Figure 3 shows the wavelength profiles obtained for three
strong emission lines of the Hg lamp and the red line of the
He-Ne laser. These traces reveal a symmetrical centrally
peaked in-focus image at each wavelength. As listed in
Table I, which includes an additional three (weaker) Hg
lines, all measured resolutions are attributed entirely to ei-
ther the finite slit widths or the physical diffraction-limited
resolution (9000 grooves full aperture). In agreement with
both geometrical (Fermat) calculations and numerical ray
tracing of the line profiles, the obtained resolution of <1 Ais
approximately a factor of 4 less than the extremum spherical
aberration calculated to be 3-5 A for wavelengths of 2534 to

Tablel. Predicted and Measured Monachromator Performance?

Aw(mm) Aw(mm) AMA)

m  AMA) Theory  Actual  AM(A)  so(um) sfum) AN(A)  AN(A)  Actual
Uncertainty (&) 0.2 1 1 0.08 0.05 0.05
1 2534 0.00 0.12 0.28 10 10 0.68 0.88 0.82
1 2534 0.28 10 5 0.68 0.22 0.73
1 2534 0.36b 5 5 0.34 0.22 0.51
1 3126 6.10 6.30 0.35 20 20 1.41 0.81 1.35
1 3126 0.35 10 10 0.70 0.40 0.75
1 3650 8.39 8.37 0.41 20 20 1.46 0.76 1.35
1 4047 8.86 8.82 0.45 10 10 0.75 0.36 0.72
1 4358 8.88 8.67 0.48 10 10 0.76 0.35 0.75
2 2534 6.84 6.52 0.14 10 10 0.40 0.16 0.49
1 5461 5.14 4.97 0.61 10 10 0.81 0.30 0.68
1 5461 0.61 5 10 0.40 0.30 0.56
1 6328 0.00 0.00 0.70 10 5 0.85 0.13 0.64
1 6328 0.70 5 5 0.42 0.13 0.52
1 6328 0.87° 10 5 0.85 0.13 0.65
1 6328 0.87° 5 5 0.42 0.13 0.65

@ m, spectral order; A, wavelength; Aw (theory),

predicted grating translation; Aw (actual), measured

grating translation relative to 0-um reading for optimized imaging at A = 6328 A; A)g, diffraction-
limited resolution, assuming a full grating aperture; so, entrance slit width; s;, exit slit width; Ak,
entrance slit-limited resolution; A\;, exit slit-limited resolution; AX (actual), measured FWHM of

traced line profile.

b Grating width stopped to 36 mm, centored at the rotation axis.
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6328 A. A few of the profiles in Fig. 3 can be seen to have a
slightly higher wing to one side of the peak. This is due to the
grating translation (9 mm, as given in Table I), which weights
the aperture and thus the spherical aberration to one side of
the grating pole. This effect is removed by stopping this
small fraction of the aperture, resulting in the symmetrical
profiles shown in the top and bottom traces of Fig. 3. The
diffraction-limited profile at 6328 A is evidenced by the
presence of subsidiary maxima.

The measured FWHM of these profiles, using slit widths
of 5-10 um, represents resolving powers \/A\ = 5000-12,000
for this grazing incidence monochromator of only 0.6 m in
length and a meridional aperture of 0.05rad. A convention-
al spherical grating would exhibit a defocusing of 85 A at the
center of this spectral region (A\/AX = 125).

The ability to maintain the spectral focus for large grating
apertures provides higher throughput than previous de-
signs,3® making the in-focus monochromator (IFM) particu-
larly advantageous when operated with soft x-ray radiation.
When used with conventional laboratory sources (electron
bombardment, spark gap, Penning, and hollow cathodes), a
single element IFM as discussed above is appropriate. How-
ever, to maintain bright images when operating with low
emittance sources, such as laser-produced plasmas and syn-
chrotron radiation, stigmatic versions of the monochromator
are required. This may be accomplished without degrada-
tion of spectral resolution by the insertion of a mirror which
provides focusing in the direction normal to the grating
dispersion. For example, a 1-m long stigmatic IFM having a
geometrical collection aperature of ~1 X 10~3 sr would pro-
vide an optical resolving power of 103 in the 35-500-A wave-
length recion.

Commercial models of the IFM are being developed by
Hettrick Scientific, Inc., which holds a license for manufac-
ture, sale, and use of these devices. U.S. and foreign patents
are pending on the general technique of combined rotation

and translation of a varied-space grating, one embodiment of
which has been described in this Communication.

The author thanks George Hirst for fabrication of the
grating and loan of a detector used in the measurements
reported here.
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Efficient differentiation between the left and right circu-
lar polarization of soft x-ray synchrotron radiation is
achievable by doubling the number of prefocusing mirrors
in a Dragon monochromator. The design also permits easy
reversion to conventional linear polarization operation.

Animportant property of synchrotron radiation from elec-
tron storage rings is the high degree of circular polarization
justabove or just below the plane of the ring.! In the vacuum
ultraviolet (VUV) region, this property has been exploited in
numerous spin-polarized photoemission studies.23 In the x-
ray region, the number of circular polarization studies is still
relatively sparse.*> To maximize the detection sensitivity,
it is necessary to alternate between left and right circular
polarization without affecting the position, energy resolu-
tion, or wavelength of the photon beam. In the VUV region
(hw 5 30eV), where it is possible to work at normal incidence
with large aperture gratings, this capability is readily
achieved at the sample using masks and choppers.5 In the

hard x-ray region, an analogous approach can be employed
because of the nongrazing incident angles of the photon
beam on crystal monochromators and the small angular sep-
aration between beams of different polarization compared
with the monochromator crystals’ rocking curve.t These
approaches are not immediately transferable to the soft x-
ray region, where the need for grazing incidence optics re-
quires prohibitively long gratings.

Our Dragon monochromator’ at the National Synchrotron
Light Source has recently been modified to perform circular
dichroism studies without affecting its superior high resolu-
tion and flux performances.> The modifications, illustrated
in Fig. 1, involve laborious coordinated translations of the
entrance slit and a vertical focusing mirror as well as a
recalibration of the wavelength scale. This precludes rapid
alternation between left and right circular polarization and
imposes limits on the sensitivity of the measurements.

Our solution to this problem is the double-headed (DH)
Dragon. The basicidea, illustrated in Fig. 2, is to replace the
horizontal focusing mirror (HFM) and vertical focusing mir-
ror (VFM) at the head of the original Dragon with two
identical pairs of mirrors HFM;, VFM,; and HFM,, VFM,.
In the configuration of Fig. 2(b), VFM; (VFM,) intercepts
radiation below (above) the plane of the ring. Both VFMs
focus onto the fixed entrance slit and illuminate the grating
at the same angle, so that the wavelength calibration and
resolution are the same for both beams. Each beam is deliv-
ered simultaneously to the sample region, and the position of
the two beams is identical in the vertical plane, while it can be
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Fig.1. Modification of the existing Dragon monochromator to select circularly polarized synchrotron

radiation above and below the orbital plane of the storage ring. Concerted motions of the VFM and

entrance slit are required, so that the alternation between left and right circular polarization is a
cumbersome procedure.

(a) DOUBLE HEADED DRAGON (TOP VIEW)

SAMPLE
GRATING _\

MOVABLE
EXIT SLIT

(c) LINEAR POLARIZATION (SIDE VIEW)

Fig.2. Layout of the double-headed Dragon: (a) separation of the
beam by identical pairs (HFM;,VFM;) and (HFM2,VFM,) of hori-
zontal and vertical focusing mirrors; (b) circular polarization mode
in which VFM; (VFM,) intercept radiation below (above) the orbital
plane; (c) conventional mode with both VFMs in the orbital plane.

arbitrarily adjusted in the horizontal plane by changing the
incidence angles on HFM, and HFM,. With this beamline
configuration rapid (>100-Hz) alternation between left and
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right circular polarization is accomplished using a lateral

chopper before the entrance slit, as is evident from Fig. 2(a).
Alternatively, simultaneous left and right circular polariza-
tion measurments are possible by either focusing separately
on two samples or (where a transmission or reflection mode is
feasible) using two separate detectors.

Conventional operation (i.e., linear polarization) may be
retrieved simply by manipulating both VFMsinto the orbital
plane of the ring, as indicted in Fig. 2(c). Even here, the
double-headed configuration offers advantages. First, an
appropriate arrangement of the two half-length HFMs re-
duces the coma aberration by a factor of 4, improving the
horizontal spot size at the sample position. Second, two
smaller mirrors will usually be less expensive than a single
large mirror.

In closing, we urge that future soft x-ray beamlines be built
in the double-headed configuration to exploit fully the polar-
ization properties of synchrotron radiation.
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